Thymidine kinase fiR) activity was detected following expression of the TK gene of Epstein-Barr virus (EBV) using the pET expression plasmid and E. coli BL21(DE3)pLysS. To study the amino acid residues required at the C terminus of the EBV TK protein for enzymatic activity, a series of C-terminal deletion mutants was generated by direct truncation, linker insertion or PCR mutagenesis to create stop codons at particular sites. Deletion of nine residues from the C terminus caused a 35% reduction in TK activity, while a ten-residue deletion completely abolished the activity. A single point mutation at residue Cys570, corresponding to Cys336 of herpes simplex virus TK, did not alter the TK activity. Single amino acid changes within the last seven to ten residues also did not affect activity. The results indicate that maintenance of the conformation of the C terminus is important for enzyme activity.
Introduction
Epstein-Barr virus (EBV), a member of the family Herpesviridae, is a ubiquitous virus which infects most of the human population at an early age. It is the aetiological agent of adult infectious mononucleosis (Henle et al., 1968; Henle & Henle, I979) and is closely associated with African Burkitt's Iymphoma (Epstein ef a]., 1964; de Th6 et al., 1978) , nasopharyngea] carcinoma (Old et aI., 1966) , B cell neoplasia in immunocompromised patients (Hanto et al., 1985) , T cell lymphoma (Su & Hsieh, 1992) and childhood virus-associated haemophagocytic syndrome (Chen et a]., 1991) .
EBV may become latent in B cells. In this state, six nuclear antigens, three membrane proteins and two small nuclear RNAs are expressed and the cell becomes immortalized (Kieff & Liebowitz, 1990) . Upon treatment with chemical inducers, the latent virus becomes activated and a cascade of regulated protein products is generated, supporting virus replication and maturation (Laux et aL, 1988; Takada & Ono, I989) . High levels of transcriptional activity were demonstrated for BHILF1, BMLF1, BZLF1, BRLF1 and BXLF1 after induction of Raji cells with 12-O-tetradecanoylphorbol 13-acetate and M-ABA cells with 5-iodo-2'-deoxyuridine (Kirchner et al., 1991) .
Thymidine kinase (TK) catalyses the phosphorylation of thymidine to dTMP in the salvage pathway of pyrimidine Author for correspondence: Jen-Yang Chen. Fax +886 2 391 5293. e-mail tyhsu@ntumcl .mc.ntu.edu.tw synthesis, dTMP is further phosphorylated by a cellular enzyme to dTTP, which serves as a substrate for DNA polymerase during DNA replication. Many herpesviruses and poxviruses possess the gent encoding this enzyme (Kit & Dubbs, 1963; Dubbs & Kit, I964; Hackstadt & Mallavia, 1978) . It may not be necessary for virus replication in cell culture but it has a high affinity for nucleoside analogues (Kit & Dubbs, 1965) and is a potential target for anti-viral drugs. The presence of a TK gene in EBV was first demonstrated by Hampar et al. (1971) . Virus-nonproducing, 5-bromodeoxyuridine-resistant P3HRI cells were induced to produce virus by removal of the drug, and TK activity was demonstrated in these cells (Hampar et al., I97I) . The presence of virus-specific TK in EBV-infected Iymphoblastoid cells has also been demonstrated in several laboratories (Glaser et al., 1973; Kit et al., 1975; Chen et al., 1978; Graessmann eta]., 1980; Ooka & Calender, I980; Roubal & Klein, 1981; MacGabhann et al., 1984; Stinchcombe & Clough, 1985 ; de Turenne-Tessier et al., 1986) . However, purification of TK protein from these cells was not successful due to its low abundance following induction of EBV-containing cells and the difficulty in separating it from cellular TK. Comparison of the EBV and herpes simplex virus (HSV) genomic sequences revealed that the BXLF10RF may encode the EBV-specific TK (Baer et al., 1984) . Using genomic DNA or cDNA from this region, TK activity was demonstrated in prokaryotic and eukaryotic expression systems (Littler eta]., 1986 (Littler eta]., , 1990 Mackett et al., 1990; . A biochemical study revealed that EBV TK has K m values of 22 I~M for thymidine and 25 IIM for ATP (Tung & Summers, 1994) . The substrate specificities (Povey et aI., 1991; Tung & Summers, 1994) and reactivity with sera from EBVinfected patients Littler et al., 1990) have also been determined.
Genetic analyses of HSV TK have been carried out extensively both in vivo and in vitro (Irmiere et al., 1989; Zemskova & Fodor, 1991; Suzutani et al., 1992; Black & Loeb, 1993) . However, the structure-function relationship of EBV TK has not been addressed. Therefore, a sequential series of deletions was made to assess their effects on the function of the TK protein.
M e t h o d s
• Construction of deletion mutants. A series of C-terminal deIetions was made by restriction enzyme digestions (Fig. la) . The BamHI-AhalI fragment of the TK gene from pET-TKBIB, which encodes a full-length, 607 amino acid TK protein , was eluted and re-ligated into pETdCP* to form TKCD1; the BamH1-AsulI fragment formed TKCD2, the BamHl-BstEII fragment formed TKCD3 and the BamHI-HincII fragment formed TKCD4. The lengths of the four deletions were 1394 bp, 1125 bp, 650 bp and 421 bp, the remaining sequences encoding 140, 216, 375 and 464 amino acids from the N terminus of the TK protein, respectively.
TKCD5 was generated by insertion of an XbaI linker (CTAGTCTAGACTAG) in the second AsuII site of the TK gene to create a stop codon, and deleting 98 amino acids from the C terminus (Fig. la) .
Another series of mutants was generated by 40 cycles of PCR (90 °C for 1 min, 60 °C for I rain and 72 °C for 1"5 rain). A translation stop codon was introduced into the 3' primers, and sequences around the NsiI site were chosen as the 5' primers (Table I ; Fig. I b) . The PCR products were electrophoresed and purified using a Jetsorb extraction kit (Genomed), repaired with Klenow enzyme, digested with Nsil, then ligated to replace the NsiI-EcoRV fragment in the pET-TKBIB plasmid to form TKCD6, TKCD7, TKCD8 and TKCD9, leading to expression of 53I, 552, 570 and 591 amino acids of the TK protein, respectively, The fidelity of the construction was confirmed in each case by sequencing.
PIasmids TKCDM, TKCDaS, TKCDA7, TKCDAS, TKCDA9, TKCD~,IO, TKCDMI, TKCDM2 and TKCDM3 were generated by using 3'-primers with stop codons at particular sites, together with a Kpn[ enzyme recognition site ( Table 1 ). The Nsi[ primer was used as the 5'-primer. The PCR fragments were purified, digested with KpnI and Nsil and used to replace the original KpnI-NsiI fragment of the TK gene in pET-TKB1B.
Single amino acid mutants were generated by recombinant PCR. A complementary set of primers was designed to change the wild-type amino acid to serine at site 570 and alanine at sites 598, 599, 600 and 601. Two PCR reactions were set up at the same time, one with a mutated antisense primer and the NsiI primer, the other with a sense primer and the T~ primer (Table 1) . These two PCR fragments were purified by electrophoresis, mixed in a 1:1 molar ratio in PCR reaction buffer and annealed and extended in one cycle of 95 °C for 5 rain, 52 °C for 5 min and 72 °C for 10 min without primers. The NsiI primer and T~ primer (a) Exact restriction sites of the first five deletion clones: TKCD1, BomHI-Ahall; TKCD2, BamHI-Asull (first) ; TKCD3, BamHI-BstEII ; TKCD4, BamHI-Hindl ; an Xbal linker was inserted into the second Asull site to form TKCD5. The filled squares under TKCD5 are the six regions conserved among herpeswuses (Balasubramaniam et al., 1990) . (b) A second series of deletions further down towards the C terminus of the TK protein.
The fragment from Asull to the second BamHI site is enlarged, providing more detail. This series of deletions was constructed as described in Methods, TKM598  M599  CTCAAAATCAGCGATCACCTTGCT  143056 ~ 079  599  TKM599  M600  CTCAAAGGCAGAGATCACCTTGCT  143056 --* 079  600  TKM600  M601  TCCCCTCTCAGCATCAGAGATCAC  143050 --~ 073  601  TKM601  M570C  GATTTACCTGGAAGCTGGACGGAG  143165 ~ 132  570  TKM570  M598C  CTGAGCAAGGTGGCCTCTGATTTT  143082 --~ 059  598  TKM598  M599C  CTGAGCAAGGTGATCGCTGATTTT  143082 ---* 059  599  TKM599  M600C  AGCAAGGTGATCTCTGCCTTTGAG  143079 --~ 056  600  TKM600  M601C  GTGATCTCTGATGCTGAGAGGGGA  143073 ~ 050  601  TKM601 were then added to the reaction and a further 25 cycles of 95 °C for 1rain, 52 °C for I rain and 72 °C for 2 rain were performed. The resulting fragments were digested with KpnI and NsiI and used to replace the original KpnI-NsiI fragment of the TK gene to form TKM570, TKM598, TKM599, TKM600 and TKM601.
• Expression of the TK protein and assay of activity. The recombinant plasmids were used to transform E. coli strain BL21(DEd)pLysS. One colony was seeded to LB broth containing 200 ,g/ml ampicillin and 25 ~tg/ml chloramphenicol and grown until the OD~00 reached 0"4--0.6. The culture was induced for 2 h with IPTG at a final concentration of 1 mM. Bacterial suspension (1 ml) was centrifuged and lysed with SDS buffer for SDS-PAGE and Western blot analysis. The remaining bacteria were centrifuged and lysed with 1/25 volume of 25 mM-Tris-HC1 (pH 8"0), 50 mM-glucose, 10 mM-EDTA and 200 pg/ml lysozyme. After sonication, the Iysate was tested for TK activity or stored at -70 °C. The TK activity assay was performed as described previously (Hsu eta/., 1992) . Ten microlitres of a 1 in 8 dilution of crude lysate was mixed with 75 p.1 of a reaction mixture containing 0'16 MTris-HC1 (pH 7"5), 0"14 mM-albumin, 12-6 mM-creatine phosphate, 11-2U/ml creatine phosphokinase, lOp, M-IaH]thymidine (sp. act. 6"7 Ci/mmol), 2 mM-ATP, 2 mM-MgCI~, 7'5 mM-NaF and 1"6 mM-DTT. The mixture was incubated at 37 °C for 30 min. A 50 pl sample was spotted onto a Whatman DE-81 filter, washed twice with alcohol, and dried. The radioactivity on the membrane was measured in a liquid scintillation counter (fl-counter LS-6000; Beckman). The relative specific activity was normalized with the TK concentration calculated from enhanced chemiluminescence (ECL) Western blot analysis.
• Western blot analysis. The 1 in 8 dilution of crude bacterial [ysate was further diluted to 1 in 100, electrophoresed by SDS-PAGE, blotted on Immobilon-P (45 gm; Millipore), and blocked with 10 mM-Tris-HC1 (pH 7"4), 0"9% NaC1 and 4% skimmed milk for 1"5 h. Anti-TK monoclonal antibody 5F4-11 (unpublished results) was used as primary antibody and reacted for I h at room temperature. The blot was washed and incubated with horseradish-peroxidase-labelled goat anti-mouse antibody diluted 1:5000 in blocking buffer at room temperature for I h. After incubation, the blot was washed three times in washing buffer and once with water, then developed with freshly prepared substrate according to the manufacturer's recommendation (ECL Western blotting; Amersham) for 1 min. The luminescence was detected by a short exposure to X-ray film. The relative concentration of each protein was determined by scanning with a densitometer (UltroScan XL; Pharmacia).
Results
The relationship between structure and function was first analysed using the large fragment deletions. Deletion mutants TKCD1-4 were transformed into BL21(DE3)pLysS and the expressed proteins were subjected to PAGE and activity assays. None of these clones produced detectable TK activity (data not shown). In other words, a 143 amino acid deletion The relative TK activity was measured as described in Methods. Columns: 1, lysate of clone pET-TKB1B used as wild-type control; 2, TKCDA1 ; 3, TKCDA5; 4, TKCDA9; 5, TKCDA1 3. The relative TK activity was measured as described in Methods. Columns: 1, clone pET-TKB1B used as wild-type control; 2, TKCDA7; 3, TKCDA8; 4, TKCDA10; 5, TKCDA1 1 ; 6, TKCDA1 2.
from the C terminus of the TK protein was sufficient to aboIish its activity. We then constructed an amber mutant, TKCD5, by insertion of an XbaI linker in the AsuII site inside the TK gene, generating a 98 amino acid deletion from the C terminus (Fig.  1 a) . Again, there was no TK activity. A second series of mutants, TKCD6, TKCD7, TKCD8 and TKCD9, was constructed which extended further to the C terminus. These four clones differed from each other by about 20 amino acids (Fig. 1 b) . Activity assays indicated that deletion of only I7 amino acids from the C terminus (TKCD9) completely abolished TK activity (data not shown). Apparently, the C terminus of the TK protein contributes to TK activity.
To analyse further the role of the extreme C terminus of the TK protein, TKCDA1, TKCDA5, TKCDA9 and TKCDM3 were generated by recombinant PCR techniques. Each clone differed from the next by four amino acids. The expressed proteins were detected by ECL Western blot analysis (Fig. 2 a) . The protein concentrations were estimated using the same volume of crude bacterial lysates by running them on an SDS-PAGE gel, transferring to Immobilon-P membrane, blotting with anti-TK monoclonal antibody, exposing to X-ray film, and finally comparing the density to a purified TK protein of known concentration. The TK activity was assayed and divided by the protein concentration in each sample to set the specific activity of each clone. When a 13 amino acid deletion was made (TKCDA13), TK activity was completely lost. When nine amino acids were deleted (TKCDA9), approximately twothirds (65 4 The relative TK activity was measured as described in Methods. Columns: I, clone pET-TKBI B used as wild-type control; 2, TKM598; 3, TKM599; 4, TKM600; 5, TKM601 ; 6, TKM570.
significantly affect the TK activity (Fig. 2 b) . The data shown are the mean values of at least four experiments. It is interesting that even small deletions of the C terminus dramatically affected the activity. Therefore, further sets of deletion at this particular region were constructed (TKCDAT, TKCDA8, TKCDA10, TKCDAll and TKCDAI2). The expressed proteins were measured by ECL Western blot analysis (Fig. 3a) . The relative activities of these clones were calculated. Clones TKCDA10, TKCDAll and TKCDA12 completely lost TK activity. Clone TKCDA8 retained approximately one-quarter (24+10%) of the wild-type activity, while clone TKCDA7 remained fully active (Fig. 3 b; see also Table 2 ).
To understand whether the particular amino acid sequence or the length of the TK protein is important for its activity, a single change at amino acids 598, 599, 600 and 601 of the TK protein, i.e. positions I0, 9, 8 and 7 from the C terminus, was made by replacing the original residue with the nonpolar amino acid alanine. Expression of the resulting clones, TKM598, TKM599, TKM600 and TKM601, was measured by ECL Western blot analysis (Fig. 4a) . The activity assay indicated that 90 % of the activity was retained by replacement with alanine of isoleucine at position 508, serine at position 599, aspartic acid at position 600 and phenylalanine at position 601 ( Fig. 4b ; see also Table 2 ).
Cys-336 ofHSV TK was reported to be an important amino acid in maintaining the TK activity (Darby et al., 1986) .
Therefore, a mutation was constructed to change the corresponding amino acid of EBV TK, Cys-570, to serine. However, the clone, TKM5 70, retained full activity (Fig. 4 b) .
Discussion
This is the first study to elucidate the structure-function relationship of EBV TK. Using the TK expression plasmid pET-TKBIB, a series of C-terminal deletions and mutations created by site-directed mutagenesis was expressed and their TK activities were assayed. The results, summarized in Table 2 , indicated that only the last seven residues at the C terminus of the TK protein were dispensable for its activity (Table 2) . Amino acid 600 was an important position. When the region downstream was deleted (TKCDAS), the activity decreased dramatically to only one-quarter of the original activity. On the other hand, when the hydrophilic amino acid aspartic acid was replaced with the hydrophobic alanine, full activity was retained. Apparently, the change in hydropathy of the amino acid did not have much influence on TK activity. The results of the activity assay for clones TKCDA8 and TKCDA9 were somewhat puzzling. It is possible that the method used to quantify the protein did not reflect the real protein concentration. Therefore, the specific activity may be underestimated or overestimated. However, the activities of proteins expressed from both clones were lower than that of the wildtype clone before normaiization. The sequence from amino acid 598 to the end of the protein appeared to be critical for the maintenance of function, since deletion of this area completely abolished activity. However, a point mutation replacing isoleucine with alanine, which has similar characteristics, caused a decrease in activity of about one-tenth. This indicated that amino acid 599 is important for maintaining a proper structure for TK function. One may argue that the loss of activity may simply be due to the instability of mutant proteins. All were tested, and neither the stability nor the expression level had been altered. Although the ability of these mutants to bind the nucleoside and ATP has not been addressed, we propose that a complex three-dimensional structure, at least at the C terminus, should be properly maintained in order to execute its function, including binding of the nucleoside and the energyproviding molecule ATP.
Computer alignment of amino acid sequences of TK from various herpesviruses indicated that EBV TK has an extra 243 amino acids at the N terminus (Balasubramaniam et al., 1990) . Six conserved regions were postulated for these TKs (see also Fig. la) . Region 1, a glycine-rich loop, is the possible functional domain for catalytic activity of the TK protein. Regions 3 and 4 may be responsible for thymidine/deoxythymidine recognition. The others may be important in maintenance of the proper conformation for activity. Clones TKCD1 and TKCD2 contained only the extra N-terminal portion. Therefore, it is not surprising that neither clone exhibited any activity. TKCD4 possessed five conserved regions, yet no activity could be found. Although TKCD6, TKCD7, TKCD8 and TKCD9 contained all six conserved regions, there was still no detectable activity.
Cys-336 of HSV is an important site for HSV TK activity (Darby et al., 1986) . It was proposed that Cys-336 may function as a bridge to interact with both the ATP-binding site and the nucleoside-binding site. The corresponding site in EBV TK is amino acid 570. In this report, full TK activity was still retained after changing Cys-570 to serine. Therefore, Cys-570 of EBV TK may be less critical than that in HSV. Liu & Summers (1988) reported that replacement of glycine with alanine, lysine with isoleucine or threonine with alanine in region I of HSV TK completely inactivated the enzyme. Replacement of amino acids in regions 3 and 4 resulted in a decrease in the K m value for substrate binding. An arginine to glutamine substitution at amino acid 130 in the TK of varicellazoster virus (VZV) rendered the virus resistant to acyc[ovir treatment (Roberts et aI., I991) . The substitution resulted in decreased catalytic activity and altered the substrate specificity. In future studies, the effect of mutations within the conserved regions will be tested.
An amber mutation at amino acid 44 of HSV TK from a drug-resistant strain of HSV has been reported (Irmiere et al., 1989) . A smaller TK which is relatively sensitive to acyclovir at 34 °C could be expressed from the second ATG codon. Zemskova & Fodor (1991) also demonstrated that when the HSV TK gene was truncated up to + 215 nucleotides from the transcription start site it could still express a functional TK protein in transfected cells. The extra N terminus of EBV TK was predicted to be the location of major antigenic epitopes (Chou & Fasman, I978) . Littler et al. (1990) have confirmed that most of the antigenic epitopes were located in this area. It will also be interesting to study the effect of this extra N terminal region on its function.
